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SUMMARY 
Development o f  t he  Moving B e l t  Rad ia to r  (MBR) as an advanced space r a d i a -  
t o r  concept i s  d iscussed.  The r e l a t i v e  m e r i t s  of S o l i d  B e l t  (SBR), L i q u i d  B e l t  
(LBR) , and Hyb r i d  Be1 t (HBR) Rad ia to rs  a re  descr ibed .  A n a l y t i c a l  and e x p e r i -  
mental e f f o r t s  r e l a t e d  t o  t he  dynamics o f  a  r o t a t i n g  be1 t i n  m i c rog rav i  t y  a re  
reviewed. The development o f  methods f o r  t r a n s f e r r i n g  hea t  t o  t he  moving b e l t  
i s  d iscussed,  and t he  r e s u l t s  from severa l  exper imenta l  i n v e s t i g a t i o n s  a re  sum- 
marized. L i m i t e d  e f f o r t s  r e l a t e d  t o  b e l t  deployment and stowage, and t o  f a b r i -  
0 c a t i o n  o f  a  h y b r i d  b e l t ,  a re  a l s o  d iscussed.  L i f e - l i m i t i n g  f a c t o r s  such as d 
- seal  wear and micrometeoro id  r e s i s t a n c e  a re  i d e n t i f i e d .  The r e s u l t s  f r om  TJ- 
v a r i o u s  MBR p o i n t  des ign  s tud ies  f o r  severa l  power l e v e l s  a re  compared w i t h  W 
advanced ( 5  t o  8 kg/m2> Heat P ipe Rad ia to r  technology.  MBR des igns a re  shown 
t o  compare f a v o r a b l y  a t  bo th  300 and 1000 K temperature l e v e l s .  However, add i -  
t i o n a l  e f f o r t  w i l l  be r e q u i r e d  t o  r e s o l v e  c r i t i c a l  technology i ssues  and t o  
demonstrate t he  advantages of MBR systems. 
INTRODUCTION 
Fu tu re  space miss ions  c u r r e n t l y  be ing  cons idered by NASA, t h e  A i r  Force, 
and t he  S t r a t e g i c  Defense I n i t i a t i v e  O rgan i za t i on  (SDIO) w i l l  r e q u i r e  power 
l e v e l s  f a r  i n  excess o f  Space S t a t i o n  usage. Analyses o f  power systems capable 
o f  supp l y i ng  megawatts o r  even g i gawa t t s  o f  power have revea led  a need f o r  
advanced space r a d i a t o r s  which can r e j e c t  t he  a t t e n d a n t  waste hea t .  Heat p i p e  
r a d i a t o r s  (HPR), which r ep resen t  t h e  b e s t  o f  c u r r e n t  technology,  t y p i c a l l y  have 
a s p e c i f i c  mass o f  5 t o  8 kg/m2 ( r e f .  1  1. The use o f  advanced techno logy  may 
eventua l  l y  reduce t h i s  f i g u r e  t o  3  kg/m2. The development o f  long-1 i f e  
advanced r a d i a t o r s  w i l l  be an enab l i ng  technology f o r  r e a l i z a t i o n  o f  mult imega- 
w a t t  space miss ions .  Such r a d i a t o r s  w i l l  be s i g n i f i c a n t l y  l e s s  massive than 
hea t  p i p e  o r  pumped l oop  technology c u r r e n t l y  planned f o r  t he  Space S t a t i o n  
( r e f .  1 ) .  
Moving B e l t  Rad ia to rs  (MBR) rep resen t  one advanced concept c u r r e n t l y  under 
i n v e s t i g a t i o n .  The bas i cs  o f  the  MBR concept a re  i l l u s t r a t e d  i n  f i g u r e  1. A 
c y l i n d r i c a l  b e l t  r evo l ves  about i t s  a x i s  by means o f  some type  o f  d r i v i n g  mech- 
anism a t tached  t o  t he  spacecraf t .  Heat i s  t r a n s f e r r e d  f r om a p r ima ry  hea t  
t r a n s p o r t  l oop  t o  the  be1 t. A s  t he  be1 t r o t a t e s ,  i t  r a d i a t e s  thermal  energy t o  
space. The b e l t  m a t e r i a l  can be a homogeneous s o l i d ,  a  screen mesh h o l d i n g  a 
l i q u i d  by  c a p i l l a r y  f o r c e s ,  o r  a  combinat ion o f  two s o l i d  b e l t s  sandwiching 
some t ype  o f  phase-change m a t e r i a l .  D e t a i l s  o f  t h e  v a r i o u s  components o f  an 
MBR system are  d iscussed l a t e r .  
The MBR shows e x c e l l e n t  p o t e n t i a l  as an advanced r a d i a t o r  concept f o r  
f u t u r e  space miss ions ,  and compares f a v o r a b l y  w i t h  o t h e r  r a d i a t o r  concepts a l s o  
under c o n s i d e r a t i o n .  A l though t h e  L i q u i d  D r o p l e t  Rad ia to r  ( r e f s .  2  and 3 )  i s  
cons idered t e c h n i c a l l y  f e a s i b l e ,  t he  spacec ra f t  user  community i s  averse t o  t he  
exposed work ing f l u i d  o f  t he  LDR. Concerns about exposed f l u i d s  can be e l i m i -  
nated w i t h  an Enclosed D r o p l e t  Rad ia to r ,  bu t  such a concept has n o t  y e t  been 
demonstrated f e a s i b l e  ( r e f .  2 ) .  Another o p t i o n ,  t he  Cu r i e  P o i n t  Rad ia to r ,  
( r e f .  4) i s  l i m i t e d  t o  c e r t a i n  r e j e c t i o n  temperatures;  fur thermore,  t he  Cu r i e  
P o i n t  concept i s  w i d e l y  regarded as possessing g r e a t e r  development r i s k s  than 
e i t h e r  the  L i q u i d  D r o p l e t  system o r  the  MBR system. The Bubble Membrane Radia- 
t o r  ( r e f .  5 )  has n o t  been e x t e n s i v e l y  i n v e s t i g a t e d ,  b'ut i t  a l s o  appears t o  be 
assoc ia ted  w i t h  h i g h  development r i s k s .  
By c o n t r a s t ,  t he  MBR can ope ra te  w i t h o u t  expos ing a work ing  f l u i d  t o  the  
space environment.  The major  t e c h n o l o g i c a l  cha l lenge  f o r  t h e  MBR appears t o  
be m a i n t a i n i n g  the s t a b i l i t y  o f  a r o t a t i n g  b e l t  i n  t he  presence o f  spacec ra f t  
a t t i t u d e  maneuvers. A l though  o t h e r  i ssues  must be reso l ved ,  an e x i s t i n g  tech- 
no logy base r e l a t e d  t o  these i ssues  lessens the  development r i s k .  Another 
advantage o f  the MBR i s  t h a t  i t  may prove t o  be o n l y  10 t o  30 pe rcen t  as mas- 
s i v e  as advanced (5 kg/m2) HPR technology;  the  MBR a l s o  compares f a v o r a b l y  w i t h  
o t h e r  proposed advanced r a d i a t o r  concepts.  I n  a d d i t i o n ,  the  MBR can be more 
r e a d i l y  stowed than a comparable HPR; t h i s  min imizes launch volume and may 
a l l o w  more maneuve rab i l i t y  f o r  SDI m iss ions .  A comprehensive r e v i e w  i n  r e f e r -  
ence 6 o f  these and o t h e r  proposed advanced r a d i a t o r s  descr ibes  t h e i r  o p e r a t i o n  
and d iscusses the m e r i t s  o f  each r a d i a t o r  concept.  
Th is  paper rev iews and summarizes t he  MBR techno logy  base. Th i s  techno l -  
ogy has been developed p r i m a r i l y  under NASA Lewis Research Center  c o n t r a c t s  
w i t h  A r t h u r  D. L i t t l e ,  I n c . ,  and under A i r  Force A s t r o n a u t i c s  Labo ra to r y  ( f o r -  
me r l y  Rocket P ropu l s i on  Labo ra to r y )  c o n t r a c t s  w i t h  Boeing Aerospace and A s t r o  
Research. The i n i t i a l  work i n  t h e  e a r l y  1960's was c a r r i e d  o u t  a t  NASA Lewis, 
a t  Co rne l l  (under a Lewis g r a n t ) ,  and a t  Rocketdyne. 
F i r s t ,  va r i ous  des ign  a l t e r n a t i v e s  f o r  t he  Moving B e l t  Rad ia to r  a re  d i s -  
cussed. These a l t e r n a t i v e s  i n c l u d e  a t  l e a s t  t h r e e  methods o f  b e l t  cons t ruc -  
t i o n ,  two v i a b l e  o p t i o n s  f o r  t r a n s f e r r i n g  heat  t o  the  moving be1 t, and severa l  
d i f f e r e n t  geometr ic  c o n s t r u c t i o n s  f o r  an MBR system. Then, t he  most c r i t i c a l  
MBR development issues a re  i d e n t i f i e d ,  and progress toward t h e i r  r e s o l u t i o n  i s  
presented.  The issues addressed a re  t he  f o l l o w i n g :  t h e  dynamics o f  a r o t a t i n g  
b e l t ,  heat  t r a n s f e r  t o  t he  b e l t ,  p roper  s e a l i n g  o f  t he  hea t  exchanger t o  ensure 
l ong  l i f e  o p e r a t i o n  w i t h  n e g l i g i b l e  leakage and low b e l t  drag, deployment and 
stowage o f  t he  b e l t ,  f a b r i c a t i o n  o f  the  b e l t ,  and t he  e f f e c t s  o f  micrometeo- 
r o i d s  on MBR o p e r a t i o n  and l i f e .  A f t e r  d i s cuss ing  these techno logy  i ssues ,  the  
des ign,  performance, and s p e c i f i c  mass of  va r i ous  MBR systems a re  summarized. 
F i n a l l y ,  recommendations f o r  con t inued  MBR development a re  presented.  
Development e f f o r t s  t o  da te  have been f o r  an MBR system o p e r a t i n g  i n  a 
m i c r o g r a v i t y  environment.  However, because o f  i t s  low s p e c i f i c  mass, t he  MBR 
may be advantageous f o r  o t h e r  f u t u r e  NASA m iss ions  i n  reduced g r a v i t y .  These 
i n c l u d e  v a r i o u s  m i ss i on  scenar ios  on t he  l u n a r  o r  M a r t i a n  su r f ace ;  such 
miss ions  a re  c u r r e n t l y  under i n v e s t i g a t i o n  as p a r t  o f  t he  NASA P a t h f i n d e r  
i n i t i a t i v e .  The r e s u l t s  d iscussed  below a re  a p p l i c a b l e  f o r  zero-g o p e r a t i o n .  
C e r t a i n  i ssues ,  n o t a b l y  deployment and s t a b i l i t y  o f  a r o t a t i n g  b e l t ,  a re  
c l e a r l y  a f f e c t e d  by a g r a v i t y  v e c t o r ;  however, these i ssues  have o n l y  been 
i n v e s t i g a t e d  f o r  m i c r o g r a v i t y  a p p l i c a t i o n s .  Research i n t o  t h e  f e a s i b i l i t y  o f  
an MBR f o r  P a t h f i n d e r  m iss ions  i s  c e r t a i n l y  r e q u i r e d .  
MBR DESIGN ALTERNATIVES 
A  number o f  d e s i g n  o p t i o n s  have been i d e n t i f i e d  w h i l e  d e v e l o p i n g  t h e  b a s i c  
MBR system shown i n  f i g u r e  1. Three d i f f e r e n t  o p t i o n s  e x i s t  f o r  c o n s t r u c t i n g  
a  low-mass b e l t .  I n  a d d i t i o n ,  a t  l e a s t  t h r e e  f u n d a m e n t a l l y  d i f f e r e n t  methods 
e x i s t  f o r  t r a n s f e r r i n g  h e a t  t o  t h e  b e l t .  A l s o ,  severa l  d i f f e r e n t  b e l t  geomet- 
r i c a l  c o n f i g u r a t i o n s  have been i d e n t i f i e d .  
The MBR concept  was f i r s t  proposed i n  1959. A l l  o f  t h e  work done i n  t h e  
e a r l y  1960 's  ( r e f s .  7 t o  10) was f o r  h igh - tempera tu re  (1000 K) a p p l i c a t i o n s ,  and 
e n v i s i o n e d  t h e  r a d i a t i n g  b e l t  b e i n g  c o n s t r u c t e d  f r o m  a  f l e x i b l e  s o l i d  m a t e r i a l .  
A g r a p h i t e - s t e e l  composi te ( r e f .  7 )  was f i r s t  suggested t o  t a k e  advantage o f  
t h e  h i g h e r  h e a t  c a p a c i t y  o f  g r a p h i t e .  C o n s i d e r a t i o n  o f  t e n s i l e  s t r e n g t h ,  h e a t  
c a p a c i t y ,  and d e n s i t y  r e v e a l e d  Be as an e x c e l l e n t  cand ida te ;  s i m i l a r l y ,  a  b e l t  
composed o f  a  t h i n  o u t e r  l a y e r  o f  Mo and an i n n e r  l a y e r  o f  Be i s  even lower  i n  
mass ( r e f .  10) .  For lower  r e j e c t i o n  tempera tu res  (300 t o  400 K) ,  m a t e r i a l s  
such as Kapton o r  T e f l o n  appear t o  be s u i t a b l e .  A c h i e v i n g  and m a i n t a i n i n g  h i g h  
e m i s s i v i t y  su r faces  i s  d e s i r a b l e  r e g a r d l e s s  o f  t h e  b e l t  m a t e r i a l  chosen. T h i s  
MBR o p t i o n ,  u s i n g  e i t h e r  a  homogeneous o r  a composi te s o l i d  b e l t ,  w i l l  be 
termed a  s o l i d  b e l t  r a d i a t o r  (SBR). 
I n  o r d e r  t o  improve t h e  h e a t  c a p a c i t y  o f  t h e  b e l t  and t h e r e b y  reduce b e l t  
mass, t h e  L i q u i d  B e l t  R a d i a t o r  (LBR) has been i n v e s t i g a t e d  ( r e f s .  11 and 12) .  
The b e l t  o f  an LBR system i s  a  w i r e  mesh f i l l e d  w i t h  a  l i q u i d  h e l d  i n  t h e  b e l t  
by s u r f a c e  f o r c e s .  The l i q u i d  forms men isc i  i n  each c e l l  o f  t h e  w i r e  mesh, and 
most o f  t h e  r a d i a t i o n  e m i t t e d  f r o m  t h e  b e l t  emanates f r o m  these l i q u i d  m e n i s c i .  
The LBR has two c o m p e l l i n g  advantages o v e r  an SBR system. One, h e a t  t r a n s f e r  
t o  t h e  b e l t  i s  r e a d i l y  accompl ished, s i n c e  t h e  w i r e  mesh b e l t  i s  drawn t h r o u g h  
an i n t e r f a c e  h e a t  exchanger (IHX) b a t h  c o n t a i n i n g  t h e  h o t  l i q u i d .  S ince  t h e  
b e l t  c o n t a i n s  t h e  l i q u i d  i n  t h e  f o r m  o f  m e n i s c i ,  t h e  b e l t  t empera tu re  c l o s e  t o  
t h e  b a t h  e x i t  i s  a lways v e r y  near  t h e  IHX b a t h  temperature .  Another  advantage 
o f  t h e  LBR o p t i o n  i s  t h a t  t h e  system can r e a d i l y  be des igned t o  e x p l o i t  t h e  
l a t e n t  h e a t  o f  f u s i o n  o f  a  s o l i d i f y i n g  w o r k i n g  f l u i d .  Because t h e  l a t e n t  h e a t  
o f  f u s i o n  f o r  a  g i v e n  m a t e r i a l  i s  much h i g h e r  than  i t s  s e n s i b l e  h e a t ,  t h e  mass 
o f  t h e  be1 t and o f  t h e  e n t i r e  LBR system can be reduced s u b s t a n t i a l l y .  
The t e c h n i c a l  f e a s i b i l i t y  i s s u e s  p e c u l i a r  t o  t h e  LBR o p t i o n  have been 
i n v e s t i g a t e d  by  A r t h u r  D. L i t t l e  ( r e f s .  11 and 12) .  The c a p i l l a r y  f o r c e s  which 
c o n t a i n  t h e  f l u i d  as men isc i  i n  t h e  w i r e  mesh predominate  o v e r  t h e  c e n t r i f u g a l  
f o r c e s  accompanying b e l t  r o t a t i o n .  Thus, t h e  f l u i d  does n o t  become d i s l o d g e d  
f r o m  t h e  b e l t  f o r  b e l t  v e l o c i t i e s  o f  p r a c t i c a l  i n t e r e s t  ( r e f .  11) .  However, 
i f  a  s o l i d i f y i n g  work ing  f l u i d  i s  employed, t h e  f l u i d  men isc i  w i l l  f r e e z e ;  t h e  
e f f e c t s  o f  a  f l e x i n g  b e l t  on t h e  f r o z e n  w o r k i n g  f l u i d  have n o t  been addressed. 
A  d e t a i l e d  p o i n t  d e s i g n  o f  an LBR system u s i n g  an o i l  a t  300 t o  330 K  r e v e a l e d  
t h a t  t h e  r a d i a t o r  s p e c i f i c  mass ( i n  kg/kW) was 30 p e r c e n t  t h a t  o f  advanced 
(5 kg/m2, c = 0.85) h e a t  p i p e  t e c h n o l o g y  ( r e f .  12) .  However, p a r a m e t r i c  s tud-  
i e s  i n d i c a t e d  t h a t  l i q u i d  meta l  LBR systems u s i n g  L i ,  Ga, o r  Sn p r o b a b l y  would 
n o t  o f f e r  s i g n i f i c a n t  mass sav ings  o v e r  5 kg/m2 HPR techno logy ;  t h i s  i s  p r i -  
m a r i l y  due t o  t h e  low e m i s s i v i t i e s  and h i g h  d e n s i t i e s  o f  l i q u i d  m e t a l s .  O n l y  
an LBR system employ ing s o l i d i f y i n g  L i  as t h e  w o r k i n g  f l u i d  appeared a t t r a c t i v e  
f r o m  a  s p e c i f i c  mass (kg/kW) s t a n d p o i n t  ( r e f s .  11 and 12) .  
S ince t h e  LBR was found  t o  be advantageous o n l y  around 300 t o  350 K, t h i s  
MBR o p t i o n  i s  n o t  b e i n g  pursued f u r t h e r  a t  t h i s  t i m e .  As w i t h  t h e  L i q u i d  
D r o p l e t  Rad ia to r ,  user  concerns about exposed work ing f l u i d  i n  space must be 
considered. Th is  i s  t r u e  f o r  bo th  low vapor p ressure  o i l s  and L i  systems sen- 
s i t i v e  t o  atomic oxygen. 
A novel  MBR concept which i nco rpo ra tes  the  b e s t  f e a t u r e s  o f  the  SBR and 
t he  LBR has r e c e n t l y  been conceived ( r e f .  13) .  I n  t he  Hyb r i d  B e l t  Rad ia to r  
(HBR) concept, a  phase-change m a t e r i a l  i s  encapsula ted by  two s o l i d  b e l t  
sur faces;  thus ,  t h e r e  i s  no work ing  f l u i d  exposed t o  'space. S i m i l a r  t o  a  
phase-change LBR, t he  HBR c a p i t a l i z e s  on t he  l a t e n t  hea t  o f  f u s i o n  o f  t he  
phase-change m a t e r i a l .  The phase-change m a t e r i a l  sandwiched between t he  s o l i d  
l a y e r s  i s  i n  a  l i q u i d  phase upon l e a v i n g  t he  hea t  exchanger; a f t e r  t he  b e l t  has 
made one r e v o l u t i o n ,  t he  m a t e r i a l  i s  i n  a  f r ozen ,  lower energy phase. Heat 
c a p a c i t i e s  o f  h y b r i d  b e l t s  a re  much h i ghe r  than those o f  s o l i d  b e l t s  o r  non- 
phase-change l i q u i d  b e l t s .  As a r e s u l t ,  t h e  b e l t  v e l o c i t y  can be reduced, 
which s i m p l i f i e s  the  des ign o f  l o n g - l i f e  f l u i d  sea ls .  Hyb r i d  b e l t s  can a l s o  be 
made s u b s t a n t i a l l y  l e s s  massive than  comparable s o l i d  b e l t s .  
The method o f  t r a n s f e r r i n g  hea t  f r om  the  spacec ra f t  t o  t h e  r o t a t i n g  b e l t  
has a  profound impact on t he  f e a s i b i l i t y  o f  t he  MBR. Both p r e l i m i n a r y  and more 
d e t a i l e d  MBR p o i n t  designs i n d i c a t e  t h a t  t he  hea t  exchanger can comprise 10 t o  
50 percen t  o f  the  mass o f  t he  e n t i r e  MBR system. Three d i f f e r e n t  hea t  t r a n s f e r  
techniques have been i d e n t i f i e d  ( r e f .  10).  F i r s t ,  t he  b e l t  can be heated by 
d i r e c t  r a d i a t i o n  f r om  the  spacec ra f t  hea t  t r a n s p o r t  l oop .  A l though  t h i s  a l t e r -  
n a t i v e  e l i m i n a t e s  t he  need f o r  r o t a r y  o r  l i n e a r  sea ls ,  r a d i a t i v e  t r a n s f e r  t o  
t he  b e l t  r e s u l t s  i n  a  more massive MBR system ( r e f .  101, and t h e r e f o r e  has n o t  
been i n v e s t i g a t e d  f u r t h e r .  Second, hea t  can be t r a n s f e r r e d  conduct i v e l y  
between a  heated drum and t he  b e l t .  Th i r d ,  t he  b e l t  can be passed th rough  a  
l i q u i d  ba th  t o  t r a n s f e r  hea t  t o  t he  b e l t  by convec t ion .  These l a t t e r  two 
o p t i o n s  have been i n v e s t i g a t e d  a n a l y t i c a l l y  and expe r imen ta l l y ;  t h e  r e s u l t s  o f  
t h i s  research  a re  d iscussed l a t e r .  
Several  d i f f e r e n t  b e l t  geometr ies  have been i d e n t i f i e d  ( r e f .  10 ) .  The 
des ign shown i n  f i g u r e  1  uses two c y l i n d r i c a l  b e l t s ;  t h i s  arrangement min imizes 
heat-exchanger mass and maximizes r a d i a t i v e  t r a n s f e r  f r om  the  b e l t  su r f aces .  
The b e l t  aspect r a t i o  ( c i r cumfe rence /w id th )  i s  k e p t  l a r g e  t o  ensure v iew f ac -  
t o r s  f r o m  the  i n n e r  surface t o  space o f  0.80 o r  l a r g e r .  Another b e l t  geometry 
which has been proposed i s  e l o n g a t i o n  o f  t he  b e l t  (see r e f .  10 ) .  Wi th  t h i s  
arrangement, t he  v iew f a c t o r  between t he  i n n e r  su r face  and space i s  near  zero,  
and t he  b e l t  mass i s  n e a r l y  t w i c e  t h a t  r e q u i r e d  f o r  a  c i r c u l a r  b e l t .  Thus, i f  
the  c o n f i g u r a t i o n  o f  f i g u r e  1 can be proven dynamica l l y  s t a b l e ,  i t  would be 
l ess  massive than any o t h e r  b e l t  geometry. 
STATUS OF CRITICAL TECHNICAL ISSUES 
Be1 t Dynami cs 
A c r i t i c a l  i ssue  i n  MBR development i s  t he  de te rm ina t i on  o f  t he  s t a b i l i t y  
o f  t he  b e l t  c o n f i g u r a t i o n  shown i n  f i g u r e  1 .  The b e l t  i s  assumed t o  have a  
c y l i n d r i c a l  shape i n i t i a l l y ,  and t he  method o f  deployment i s  n o t  a t  i s sue  here;  
de te rmin ing  how the  b e l t  w i l l  be deployed t o  t he  s t a t e  shown i n  f i g u r e  1 i s  
d iscussed l a t e r .  B e l t  s t a b i l i t y  i s  a f f e c t e d  by spacec ra f t  a t t i t u d e  c o n t r o l  
maneuvers, dock ing w i t h  another  spacecra f t  o r  space s t r u c t u r e ,  and p o t e n t i a l l y ,  
by low-frequency v i b r a t i o n s  o f  t h e  spacec ra f t  s t r u c t u r e .  To da te ,  work on b e l t  
s t a b i  1  i t y  has i nc l uded  computer code development and lab -sca le  t e s t i n g  i n  nor-  
mal g r a v i t y .  
I n i t i a l  a t tempts  t o  unders tand t he  dynamics o f  a  r o t a t i n g  b e l t  were ca r -  
r i e d  o u t  a t  A r t h u r  D. L i t t l e  (A.B. Boghani and M.W. Wentworth under NASA con- 
t r a c t  NAS3-24650, e l i m i n a t e ) .  A l i t e r a t u r e  r ev i ew  suggested t h a t  a  c losed- form 
s o l u t i o n  t o  the  problem p robab l y  does n o t  e x i s t ,  p r i m a r i l y  because b e l t  mot ion  
i s  r e s t r i c t e d  a t  the  hea t  exchanger. Therefore,  as 'shown i n  f i g u r e  2 ,  a  
lumped-parameter computer model of t he  b e l t  was employed. The b e l t  i s  modeled 
as a  v a r i a b l e  number o f  nodes, o r  lumped masses. Any s p e c i f i c  lumped mass i s  
modeled as be ing  connected t o  ad jacen t  nodes by l i n e a r  sp r i ngs  and dashpots 
which s imu la te  tens ion ,  compression, and damping i n  the  b e l t .  S i m i l a r l y ,  r o t a -  
t i o n a l  sp r i ngs  and dashpots s imu la te  bending and damping i n  t he  b e l t ,  respec- 
t i v e l y .  The Ca r tes i an  coo rd i na te  system i s  as shown i n  f i g u r e  2, where the  
o r i g i n  i s  a t  t he  cen te r  o f  t h e  heat  exchanger. 
The b e l t  i s  s u b j e c t  t o  b o t h  in -p lane  and three-d imensional  (ou t -o f -p lane)  
p e r t u r b a t i o n s .  R e f e r r i n g  t o  t h e  coo rd i na te  system of  f i g u r e  2 ,  any spacec ra f t  
a c c e l e r a t i o n  i n  the x-y p l ane  w i l l  produce b e l t  responses s o l e l y  i n  t he  x-y 
p lane .  S i m i l a r l y ,  r o t a t i o n  o f  t he  spacec ra f t  about the  z -ax is  w i l l  produce 
comparable in-p lane mot ions,  as i l l u s t r a t e d  i n  f i g u r e  3. Converse ly ,  space- 
c r a f t  a c c e l e r a t i o n s  hav ing  a  z-component, o r  r o t a t i o n s  about t he  x- o r  
y-axes, w i l l  l ead  t o  much more complex, out -o f -p lane responses i n  t he  b e l t ,  as 
shown i n  f i g u r e  4. Because of  t he  added complex i t y  i n t r oduced  by  ou t -o f -p lane  
b e l t  de fo rmat ion ,  and g i v e n  t h e  resource  l i m i t a t i o n s  of t he  program, t h e  
A r t h u r  D. L i t t l e  computer code cou ld  n o t  account f o r  t he  responses o f  f i g u r e  4. 
However, a  s i m p l i f i e d  a n a l y s i s  suggested t h a t  t he  b e l t  i s  more s e n s i t i v e  t o  x- 
o r  y -ax i s  a c c e l e r a t i o n s  than  t o  those a long  t he  z -ax is .  Thus, t h e  r e s u l t s  o f  
t h e  computer model ing a re  b e l i e v e d  t o  r ep resen t  a  r e a l i s t i c  s i m u l a t i o n  o f  b e l t  
s t a b i l i t y  i n  ze ro  g r a v i t y .  
The r o t a t i n g  b e l t  was modeled f o r  x- and y -ax i s  a c c e l e r a t i o n s  o f  va r i ous  
magnitudes and d u r a t i o n s .  F a i l u r e  o f  t he  b e l t  was assumed t o  occur  when t he  
b e l t  touched i t s e l f  (doubled up) o r  t he  spacec ra f t ,  o r  when t he  a l l o w a b l e  b e l t  
shear s t r e s s  was exceeded. Doub l ing  up of the  b e l t  was determined by examining 
t h e  p o s i t i o n s  o f  ad j acen t  nodes i n  computer-generated p l o t s .  For a c c e l e r a t i o n s  
e n t i r e l y  i n  t he  y - d i r e c t i o n ,  f i g u r e  5  summarizes t he  r e s u l t s  o f  t he  computer 
s imu la t i ons .  The b a s e l i n e  des ign  employs a  b e l t  13 m i n  d iameter  w i t h  a  l i n e a r  
v e l o c i t y  o f  1  mls ;  t h i s  b a s e l i n e  b e l t  has a  bending s t i f f n e s s  o f  5 . 9 5 ~ 1 0 - 3  N rn. 
Such a  bending s t i f f n e s s  i s  t y p i c a l  f o r  a  b e l t  cons t ruc ted  o f  a  square mesh 
screen o f  t w i s t e d  g l ass  f i b e r s .  F i gu re  5 i n d i c a t e s  t h a t  t he  b a s e l i n e  des ign  i s  
s t a b l e  i n  t he  presence of g  a c c e l e r a t i o n s  l a s t i n g  10 s  o r  l e s s .  I n  o r d e r  
t o  w i t hs tand  h i ghe r  a c c e l e r a t i o n  l e v e l s ,  e i t h e r  t h e  b e l t  v e l o c i t y  o r  t h e  bend- 
i n g  s t i f f n e s s  must be inc reased .  
The computer program was a l s o  used t o  examine t he  e f f e c t s  o f  one-g acce l -  
e r a t i o n s  o f  ve r y  s h o r t  d u r a t i o n ,  such as 0.2 s .  The b e l t  was s t a b l e  i n  such 
cases, a l though  i t  would f a i l  a f t e r  10 s  of sus ta ined  one-g load .  
Computer s imu la t i ons  were a l s o  r u n  f o r  a c c e l e r a t i o n s  s o l e l y  i n  t he  
x - d i r e c t i o n .  The b e l t  i s  more s u s c e p t i b l e  t o  f a i l u r e  f r om  x-ax is  acce le ra -  
t i o n s ,  s ince  i t  i s  more l i k e l y  t o  crease s h o r t l y  a f t e r  e x i t i n g  t h e  hea t  
exchanger. However, u n l i k e  a c c e l e r a t i o n s  a long  t h e  y -ax is ,  bending s t i f f n e s s  
has l i t t l e  i n f l u e n c e  on x-ax is  behav io r .  
The i n i t i a l  work a t  A r t h u r  D. L i t t l e  was extended a t  Boe ing ( r e f .  14) .  
The Boeing a n a l y s i s  was q u i t e  s i m i l a r  i n  t h a t  a  lumped-parameter computer code 
was developed. The Boeing code i n c o r p o r a t e d  a  more d e t a i l e d  and a c c u r a t e  model 
o f  t h e  hea t  exchanger -be l t  i n t e r f a c e .  T h i s  work showed t h a t  i f  t h e  b e l t  d r i v e  
mechanism was des igned i m p r o p e r l y ,  t h e  b e l t  would tend  t o  be u n s t a b l e  even i n  
t h e  absence o f  s p a c e c r a f t  maneuvers. The p r i n c i p a l  a d d i t i o n a l  f i n d i n g  o f  t h e  
Boeing model was t h a t  b e l t  s t a b i l i t y  i s  s t r o n g l y  i n f l u e n c e d  by  h e a t  exchanger 
des ign .  The ang le  a t  wh ich t h e  b e l t  e n t e r s  and e x i t s  t h e  h e a t  exchanger was 
shown t o  be c r i t i c a l  i n  d e t e r m i n i n g  t h e  s t a b i l i t y  o f  t h e  b e l t .  I d e a l l y ,  t h e  
h e a t  exchanger shou ld  be des igned  such t h a t  t h e  b e l t  shape i s  as c l o s e  t o  a  
p e r f e c t  c i r c l e  as p o s s i b l e .  There fo re ,  f u t u r e ,  more r e f i n e d  dynamic ana lyses 
must i n c o r p o r a t e  a  d e t a i l e d  model o f  t h e  h e a t  exchanger -be l t  i n t e r f a c e  i n  o r d e r  
t o  p r o p e r l y  model b e l t  dynamics.  
Development o f  t h e  computer codes t o  i n v e s t i g a t e  b e l t  dynamics r e v e a l e d  
t h e  need f o r  fundamental  p h y s i c a l  p r o p e r t y  d a t a  f o r  c a n d i d a t e  b e l t  m a t e r i a l s .  
A l though  m a t e r i a l  p r o p e r t y  d a t a  a r e  a v a i l a b l e  f o r  n y l o n ,  M y l a r ,  and f i b e r g l a s s ,  
t h e  d e s i r e d  va lues  a r e  unknown f o r  screen mesh b e l t s  made f r o m  these  m a t e r i a l s .  
S ince  t h e  damping and s t i f f n e s s  p r o p e r t i e s  o f  a  m a t e r i a l  change a f t e r  i t  has 
been cr imped, woven, and bonded i n t o  a  screen mesh, t h e  r e q u i r e d  p r o p e r t i e s  o f  
n y l o n ,  My la r ,  and f i b e r g l a s s  meshes were determined e x p e r i m e n t a l l y  by  u s i n g  a  
t e n s i l e  t e s t  machine (W.P. Teagan and T.A. Longo under NASA c o n t r a c t  
NAS3-24650, Task 4). S t i f f n e s s  and damping va lues  i n  b o t h  bend ing  and s t r e t c h -  
i n g  were measured d i r e c t l y ,  o r  c a l c u l a t e d  f r o m  these measured v a l u e s .  Because 
t e s t  segments of  a  h y b r i d  b e l t  were n o t  a v a i l a b l e ,  o n l y  c a n d i d a t e  LBR m a t e r i a l s  
c o u l d  be t e s t e d .  
A  d e t a i l e d  u n d e r s t a n d i n g  o f  t h e  dynamics o f  t h e  r o t a t i n g  b e l t  i s  e s s e n t i a l  
to  a  p r o p e r  assessment o f  MBR f e a s i b i l i t y .  There fo re ,  e f f o r t s  have been made 
t o  v e r i f y  e x i s t i n g  computer codes e x p e r i m e n t a l l y .  I n  normal g r a v i t y ,  i t  i s  
i m p o s s i b l e  t o  a c c u r a t e l y  s i m u l a t e  a  r o t a t i n g  f l e x i b l e  b e l t  i n t e n d e d  for  zero-g 
o p e r a t i o n .  Never the less ,  some s imp le  exper iments  were conducted by  W.P. Teagan 
and T.A. Longo under NASA c o n t r a c t  NAS3-24650, e l i m i n a t e  i n  o r d e r  t o  f u r t h e r  
u n d e r s t a n d i n g  and t o  a i d  i n  t h e  d e s i g n  o f  zero-g exper iments .  T e s t  b e l t s  were 
r o t a t e d  about  t h e i r  axes; i n  one s e r i e s  o f  t e s t s ,  t h e  a x i s  was p a r a l l e l  t o  t h e  
g r a v i t y  v e c t o r ,  and i n  t h e  o t h e r ,  p e r p e n d i c u l a r .  The t e s t s  i n v o l v i n g  r o t a t i o n  
p e r p e n d i c u l a r  t o  g r a v i t y  were i n c o n c l u s i v e ,  s i n c e  g r a v i t y  e l o n g a t e d  t h e  b e l t .  
A  c i r c u l a r  b e l t  c o u l d  n o t  be formed even a t  740 rpm ( 8  m l s ) .  T h i s  suggests  
t h a t  b e l t s  w i l l  n o t  be s t a b l e  when s u b j e c t e d  t o  one-g a c c e l e r a t i o n ,  wh ich i s  i n  
agreement w i t h  t h e  f i n d i n g s  o f  t h e  computer model. 
A second s e r i e s  o f  t e s t s  employed a  r u b b e r  b e l t  175 cm i n  c i r c u m f e r e n c e  
and 15 cm wide.  The b e l t  a x i s  o f  r o t a t i o n  was p a r a l l e l  t o  g r a v i t y ,  such t h a t  
g r a v i t y  e x e r t e d  an equal  f o r c e  on e v e r y  element a l o n g  t h e  b e l t  c i r c u m f e r e n c e .  
The f i n d i n g s  a r e  summarized i n  f i g u r e  6. The f i r s t  s i x  f rames s i m u l a t e d  t h e  
deployment o f  t h e  b e l t  by c e n t r i f u g a l  f o r c e .  A t  150 rpm ( 4 . 4  m l s ) ,  t h e  b e l t  i s  
c o m p l e t e l y  round.  The n e x t  s i x  f rames s i m u l a t e  t h e  response o f  t h e  b e l t  t o  a  
l o w - l e v e l  a c c e l e r a t i o n .  I n  f rames 7,  9, and 11, t h e  s p i n n i n g  b e l t  i s  s t r u c k  
b r i e f l y  w i t h  a  t h i n  r o d ,  as shown, t o  s i m u l a t e  an a t t i t u d e  c o n t r o l  maneuver. 
The c o n d i t i o n  o f  t h e  b e l t  2 s  a f t e r  impac t  i s  shown i n  f rames 8, 10, and 12, 
wh ich i n d i c a t e  t h a t  t h e  b e l t  can r a p i d l y  r e c o v e r  f r o m  t h e  i m p a r t e d  d i s t u r b a n c e .  
I n  a l l  t h r e e  t e s t s ,  t h e  b e l t  r e t u r n e d  t o  i t s  i n i t i a l ,  u n p e r t u r b e d  s t a t e  w i t h i n  
6  s  a f t e r  impact .  
The b e l t  s t a b i l i t y  exper iments performed i n  normal g r a v i t y  a re  i n s u f f i -  
c i e n t  and somewhat i nconc lus i ve ,  s ince  i t  i s  imposs ib le  t o  e l i m i n a t e  t he  
e f f e c t s  o f  g r a v i t y  on t he  b e l t  mere ly  by i n c r e a s i n g  c e n t r i f u g a l  f o r c e .  I n  
o r d e r  t o  demonstrate b e l t  s t a b i l i t y  i n  a  m i ss i on  environment,  r e l a t e d  expe r i -  
ments i n  m i c r o g r a v i t y  must be c a r r i e d  o u t .  E a r l y  i n  1989, A r t h u r  D. L i t t l e ,  
under NASA c o n t r a c t ,  w i l l  conduct a  s e r i e s  o f  40 exper iments aboard a  KC-135 
a i r c r a f t .  One apparatus w i l l  be designed t o  demonstrate deployment o f  the  
b e l t ,  w h i l e  a  second exper iment  w i l l  i n v e s t i g a t e  b e l t ' s t a b i l i t y  i n  t h e  presence 
o f  va r i ous  a c c e l e r a t i o n  waveforms. Concurrent  w i t h  t he  KC-135 t e s t i n g ,  a  
r e l a t e d  exper iment f o r  a  S h u t t l e  f l i g h t  w i l l  be de f i ned  as p a r t  o f  t h e  NASA 
O f f i c e  o f  Aeronau t i cs  and Space Technology (OAST) In-Space Exper iments Program. 
The r e s u l t s  f r om  the  KC-135 t e s t i n g  w i l l  be u t i l i z e d  t o  develop a  conceptua l  
des ign t o  demonstrate MBR ope ra t i on ,  i n c l u d i n g  p roper  s e a l i n g  o f  t he  hea t  
exchanger, on a  S h u t t l e  f l i g h t .  
The KC-135 t e s t i n g  i s  in tended  t o  determine how the  b e l t  can be deployed 
and stowed. I t  may be necessary t o  r e l y  on a  t e l escop ing ,  e x t e n d i b l e  boom t o  
deploy t he  b e l t .  I f  t h i s  deployment method i s  found t o  be necessary,  the  
r o t a t i n g  b e l t  dynamics would be a l t e r e d ,  s i nce  t he  b e l t  would be f i x e d  a t  two 
d i a m e t r i c a l l y  opposed p o i n t s .  S i m i l a r l y ,  t he  t e l e s c o p i n g  boom may be r e q u i r e d  
p r i n c i p a l l y  t o  s t a b i l i z e  the  r o t a t i n g  b e l t ,  i n  which case i t s  use t o  s i m p l i f y  
deployment would be a  secondary b e n e f i t .  I f  a  t e l e s c o p i n g  boom i s  r e q u i r e d  f o r  
e i t h e r  reason, t he  exper imenta l  apparatus be ing  d e f i n e d  f o r  t h e  S h u t t l e  would 
i n c o r p o r a t e  t he  r e q u i r e d  changes. 
Heat T rans fe r  t o  B e l t  
The s i z e  and mass o f  t he  e n t i r e  MBR system are  determined by t h e  r a t e  o f  
hea t  t r a n s f e r  t o  the  b e l t .  (The thermal energy r a d i a t e d  f r om the  b e l t  has been 
determined, g i ven  t he  r e j e c t i o n  temperature,  b e l t  e m i s s i v i t y ,  and v e l o c i t y .  
The r e l a t i o n s  among these parameters a re  g i v e n  i n  re fe rences  10, 11, and 14.)  
The hea t  exchanger r e q u i r e d  t o  t r a n s f e r  hea t  f r om  t h e  spacec ra f t  t o  t h e  b e l t  
must be as l i g h t w e i g h t  as poss ib l e .  System s t u d i e s  ( r e f s .  11, 12, 14, and 15) 
have i n d i c a t e d  t h a t  an i n e f f i c i e n t  heat  exchanger w i l l  r e s u l t  i n  an MBR system 
more massive than HPR technology.  Furthermore t he  hea t  exchanger must be 
designed w i t h  l c n g - l i f e  sea ls  t o  pe rm i t  o p e r a t i o n  f o r  m i ss i on  l i f e t i m e s  o f  7 y r  
o r  more. I t  i s  a l s o  necessary t o  min imize mass losses  o f  any hea t  exchanger 
f l u i d s .  Three c r i t e r i a ,  mass, seal  l i f e ,  and f l u i d  l o s s ,  must be cons idered  
when e v a l u a t i n g  va r i ous  des ign  o p t i o n s .  Cons ider ing  these c r i t e r i a ,  d i r e c t  
r a d i a n t  h e a t i n g  o f  the  b e l t  ( r e f .  10) was determined t o  be t o o  massive an 
o p t i o n ,  s ince  the  b e l t  r e r a d i a t e s  a lmost  as much thermal energy back t o  the  
spacecraf t .  
A r o t a t i n g  heated drum was the  f i r s t  concept proposed, i n  1959 ( r e f .  7 ) .  
The i n t e r n a l l y  heated drum t r a n s f e r s  hea t  t o  t h e  b e l t  th rough  c o n t a c t  conduc- 
t i o n  between the  b e l t  and t he  drum. A r e c e n t  improvement on t he  o r i g i n a l  con- 
cep t  i s  shown i n  f i g u r e  7 .  A p ressure  b e l t  i s  used t o  i nc rease  t he  c o n t a c t  
conductance between t h e  r a d i a t i n g  b e l t  and t he  heated drum. The two r a d i a t i n g  
b e l t s  w i l l  thus r e v o l v e  i n  o p p o s i t e  d i r e c t i o n s ,  which may h e l p  t o  reduce any 
e f f e c t s  o f  b e l t  r o t a t i o n  on t h e  spacec ra f t .  (The magnitude o f  any such i n t e r -  
a c t i o n s  i s  p r e s e n t l y  unknown, b u t  t he  e f f e c t s  a re  presumed t o  be n e g l i g i b l e . )  
Proper s i z i n g  o f  the  drum r e q u i r e s  a  knowledge o f  t he  hea t  t r a n s f e r  c o e f f i c i e n t  
between the  b e l t  and the  drum. 
The f i r s t  a n a l y s i s  ( r e f .  9) o f  t he  r e q u i r e d  hea t  t r a n s f e r  c o e f f i c i e n t  con- 
s i de red  hea t  t r a n s f e r r e d  bo th  t o  and f r om the  be1 t. The r e s u l t s  o f  t he  analy-  
s i s  were used i n  c o n j u n c t i o n  w i t h  a  p r e l i m i n a r y  mass es t ima te  o f  a  SBR system. 
By assuming t h a t  the  s p e c i f i c  mass o f  competing technology i s  0.55 kg/kW 
( r e f .  91, t o  be compe t i t i ve ,  hea t  t r a n s f e r  c o e f f i c i e n t s  o f  2500 w1m2 K o r  be t -  
t e r ,  a re  r e q u i r e d  f o r  a  r e j e c t i o n  temperature o f  1000 K. (Wi th  5-kglm2 HPR 
technology,  c u r r e n t  va lues  a re  0.06 kg/kW a t  1000 K and 2.0 kg/kW a t  500 K 
( r e f .  21.) For lower temperature requi rements  (300 K ) ,  t h e  hea t  t r a n s f e r  coef -  
f i c i e n t  must be 200 w1m2 K o r  b e t t e r  ( r e f .  15) t o  m a i n t a i n  t he  s u b s t a n t i a l  mass 
savings o f  t he  MBR concept.  
Contact  conductance between two sur faces  i s  a  s t r ong  f u n c t i o n  o f  su r f ace  
f i n i s h ,  vacuum l e v e l ,  and c o n t a c t  p ressure .  Because o f  t h i s ,  i t  i s  d i f f i c u l t  
t o  f i n d  measured va lues which can be d i r e c t l y  appl  i e d  t o  t he  des ign  o f  an MBR 
system. Data f o r  c o n t a c t  conductance between an A1 and a  U02 su r f ace  i n d i c a t e  
va lues as h i g h  as 9000 w1m2 K  a re  p o s s i b l e  w i t h  a  100-psi c o n t a c t  p ressure  
( r e f .  10) .  Other  da ta  i n d i c a t e  t h a t  1000 ~ / m 2  K  i s  r e a d i l y  ach ievab le  a t  
10 p s i ,  and t h a t  7000 t o  8000 w/m2 K  may be ach ievab le  between two Cu sur faces  
w i t h  50-psi con tac t  p ressure  ( r e f .  16).  A s  p a r t  o f  the  MBR program, conduct- 
ance va lues o f  20 w1m2 K were measured f o r  an a l um in i zed  Kapton be1 t r o l l  i ng 
ove r  an A1 c y l i n d e r ,  w i t h  0.1-psi c o n t a c t  p ressure  ( r e f .  15).  Such a  va lue  i s  
c l e a r l y  inadequate and i n d i c a t e s  t h a t  a  heated drum system should m a i n t a i n  a t  
l e a s t  a  10-psi c o n t a c t  p ressure .  S ince t h e  above exper imenta l  r e s u l t s  were 
ob ta i ned  a t  10- t o  100-psi c o n t a c t  p ressures ,  t he  r e q u i r e d  c o n t a c t  p ressure  
would be e a s i l y  ach ievab le .  However, t he  s t r u c t u r a l  requ i rements  a t t e n d a n t  
w i t h  t h e  d e s i r e d  con tac t  p ressure  must a l s o  be cons idered.  
A number o f  approaches e x i s t  f o r  ach iev i ng  t he  r e q u i r e d  c o n t a c t  conduct-  
ance w i t h o u t  hav ing  t o  r e l y  on a  h i g h  c o n t a c t  pressure.  Conductance t o  t he  
A l -coa ted  Kapton b e l t  was inc reased  f r o m  20 t o  160 w1m2 K  when s i l i c o n e  grease 
was a p p l i e d  between t h e  b e l t  and t he  A1 drum. The p ressure  b e l t  shown i n  f i g -  
u r e  7  i s  in tended  t o  i nc rease  t he  a c t u a l  c o n t a c t  area (geomet r i c  a rea  reduced 
by some f a c t o r  depending on t h e  su r f ace  p r o f i l e )  between t he  r o t a t i n g  drum and 
t he  r a d i a t i n g  b e l t .  Thus, h i g h e r  e f f e c t i v e  c o n t a c t  conductances can be 
ach ieved a t  t he  same c o n t a c t  p ressure .  Use o f  a  h i g h  thermal c o n d u c t i v i t y  
f l u i d  between t he  b e l t  and t he  r o t a t i n g  drum has more o f  t he  d e s i r e d  e f f e c t  
than  t h e  s i l i c o n e  grease ment ioned above. For lower  temperatures,  a  grease o r  
wax can be loaded w i t h  c o l l o i d a l  o r  powdered meta l ,  whereas f o r  h i g h e r  tempera- 
t u r e s ,  a  mo l ten  metal  such as Ga o r  Sn cou ld  be used i n  a  t h i n  l a y e r  between 
the  be1 t and drum. However, these approaches i n t r oduce  t h e  added comp lex i t y  o f  
m a i n t a i n i n g  t he  mo l ten  metal  o r  grease on t he  drum, w i t h o u t  app rec i ab le  c a r r y -  
ove r  on t he  b e l t .  I t  i s  a l s o  necessary t o  determine the  change i n  b e l t  emis- 
s i v i t y  assoc ia ted  w i t h  any ca r r yove r .  
A l though  hea t  t r a n s f e r  f r o m  t h e  drum t o  t h e  b e l t  has t h e  l a r g e s t  i n f l u e n c e  
on t h e  o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t ,  heat  t r a n s f e r  t o  the  i n n e r  drum sur-  
f ace  must a l s o  be cons idered.  F i gu re  8  shows a  r e c e n t  heated drum concept 
which u t i l i z e s  condensat ion i n  G rego r i g  grooves t o  hea t  t h e  i n n e r  surface of  
t he  r o t a t i n g  drum. The des ign  i s  desc r i bed  i n  more d e t a i l  i n  r e fe rences  14 
and 17. Note t h a t  t he  des ign  r e q u i r e s  one r o t a r y  sea l  a t  the  vapor i n l e t .  As 
d iscussed i n  t he  s e c t i o n  Heat Exchanger Seals,  demons t ra t ing  successful  long- 
l i f e  o p e r a t i o n  o f  such a  sea l  r ep resen t s  t h e  most c h a l l e n g i n g  development i s sue  
f o r  t he  heated drum concept.  
D i r e c t  c o n v e c t i v e  h e a t i n g  o f  t h e  b e l t  by a  f l u i d  i s  b e i n g  a c t i v e l y  i nves -  
t i g a t e d  a t  A r t h u r  D. L i t t l e .  The I n t e r f a c e  Heat Exchanger ( IHX) concept ,  shown 
i n  f i g u r e  9, appears t o  be a  more promi s i n g  a1 t e r n a t i v e  than  t h e  hea ted  drum 
concept.  The coo led  b e l t  e n t e r s  t h e  IHX, where i t  i s  drawn t h r o u g h  a  b a t h  of  
mo l ten  Ga. A f t e r  p a s s i n g  th rough  l i n e a r  l a b y r i n t h  and sc raper  s e a l s ,  t h e  b e l t  
aga in  makes i t s  t r a v e r s e  t h r o u g h  space. The Ga i s ,  i n  t u r n ,  heated by  a  f l u i d -  
f l u i d  h e a t  exchanger f r o m  t h e  s p a c e c r a f t  p r i m a r y  waste h e a t  t r a n s p o r t  l o o p .  
Because o f  t h e  h i g h  thermal  c o n d u c t i v i t y  and n e g l i g i b - l e  vapor p r e s s u r e  o f  Ga, 
des ign  o f  t h i s  h e a t  exchanger shou ld  be s t r a i g h t f o r w a r d ,  and t h e r e f o r e ,  i s  n o t  
cons ide red  t o  be a  c r i t i c a l  t e c h n i c a l  i s s u e .  
G a l l i u m  i s  t h e  IHX f l u i d  of  cho ice .  I n  a d d i t i o n  t o  h i g h  thermal  conduc- 
t i v i t y ,  i t  has a  v i s c o s i t y  near  1.7 cP (0.0017 N s/m2), wh ich w i l l  keep v i s c o u s  
drag l o s s e s  low ( r e f .  18).  G a l l i u m  m e l t s  a t  303 K  and has a  vapor p r e s s u r e  
below 10-6 t o r r  up t o  =950 K; thus  i t  i s  a  c a n d i d a t e  IHX f l u i d  o v e r  a t  l e a s t  a  
650 K  range.  G a l l i u m  has a  sur face t e n s i o n  o f  720 dyneslcm, which i s  a  tremen- 
dous advantage i n  d e v e l o p i n g  leak - f ree  sea ls  f o r  t h e  I H X .  Fur thermore,  obser -  
v a t i o n s  have shown t h a t  Ga does n o t  wet a  v a r i e t y  o f  c a n d i d a t e  b e l t  m a t e r i a l s .  
Measured c o n t a c t  ang les  ( r e f .  1 1 )  f o r  mo l ten  Ga on n y l o n ,  p o l y e t h y l e n e ,  Vespe l ,  
T e f l o n ,  Ta, s t e e l ,  A l ,  and g l a s s  were g r e a t e r  than  108". Thus, i t  i s  q u i t e  
p o s s i b l e  f o r  IHX l i n e a r  s e a l s  t o  o p e r a t e  w i t h  l i t t l e  drag,  and a t  t h e  same t i m e  
e l i m i n a t e  e n t r a i n m e n t  o f  a  t h i n  Ga f i l m  on t h e  b e l t .  
G a l l i u m  i s  much more ben ign  than  o t h e r  l i q u i d  m e t a l s .  I t  does n o t  r e a d i l y  
form Ga2O3 o r  o t h e r  o x i d e s  under MBR o p e r a t i n g  c o n d i t i o n s  o f  i n t e r e s t .  Samples 
o f  Ga were exposed t o  a  s i m u l a t e d  a tomic  oxygen env i ronment  (0 .23 eV and 80-pm 
Hg vacuum) i n  a  plasma asher  a t  NASA Lewis .  There was no ev idence o f  o x i d e  
f o r m a t i o n  a f t e r  360 h r  o f  exposure;  no change i n  e i t h e r  mass o r  s u r f a c e  appear- 
ance o f  t h e  samples was no ted .  Containment o f  Ga i s  e a s i l y  accompl ished w i t h  
c e r t a i n  t ypes  o f  s t a i n l e s s  s t e e l s ,  as l o n g  as t h e  a l l o y  does n o t  c o n t a i n  a  
f ree -mach in ing  a d d i t i v e  such as S. Researchers a t  Lawrence L i ve rmore  N a t i o n a l  
L a b o r a t o r i e s  (pe rsona l  communicat ion w i t h  C.D. Hendr i cks ,  L i ve rmore ,  CAI have 
f o r c e d  m o l t e n  Ga t h r o u g h  10-pm-diam o r i f i c e s .  When t h e  Ga i s  c o n t a i n e d  b y  #303 
s t a i n l e s s  s t e e l  (SS), t h e  o r i f i c e s  do n o t  p l u g .  Wi th  S - c o n t a i n i n g  a l l o y s ,  Ga 
forms amalgams, which e v e n t u a l l y  f l a k e  o f f  and p r e v e n t  f l o w  t h r o u g h  t h e  o r i f -  
i c e s .  A l though  Ga d i s s o l v e s  A1 a lmos t  i n s t a n t a n e o u s l y ,  i t  does n o t  pose a  
s e r i o u s  m a t e r i a l s  problem, s i n c e  i t  can be c o n t a i n e d  by  many s t a i n l e s s  s t e e l s .  
Above 800 K, however, o n l y  t u n g s t e n  can be used t o  c o n t a i n  Ga ( r e f .  18).  
P o t e n t i a l  i n t e r a c t i o n s  between c a n d i d a t e  MBR m a t e r i a l s ,  i n c l u d i n g  Ga, a r e  c u r -  
r e n t l y  b e i n g  i n v e s t i g a t e d  a t  NASA Lewis .  
Heat t r a n s f e r  i n  an IHX has r e c e n t l y  been demonst ra ted a t  A r t h u r  D. L i t t l e  
(W.P.  Teagan under NASA c o n t r a c t  NAS3-24650, Task 6 ) .  The exper imen ta l  appa- 
r a t u s  i s  shown i n  f i g u r e  10. A  T e f l o n  b e l t ,  125 pm t h i c k  by  15 cm wide by  
168 cm i n  c i r cumfe rence ,  was passed th rough  a  Ga b a t h ;  t h e  b a t h  was m a i n t a i n e d  
a t  a  c o n s t a n t  tempera tu re  near  325 K, about  25 K above t h e  tempera tu re  o f  t h e  
e n t e r i n g  b e l t .  B e l t  v e l o c i t y  was v a r i e d ,  and t h e  b e l t  t empera tu res  on e x i t i n g  
f r o m  t h e  b a t h  were observed t o  be w i t h i n  3  K  o f  t h e  b a t h  tempera tu re .  S ince  
d a t a  a n a l y s i s  i s  n o t  y e t  comple te ,  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t s  have n o t  
y e t  been determined.  
Heat Exchanger Seals 
The p o t e n t i a l  l i f e t i m e  and performance o f  t he  MBR heat  exchanger sea ls  
w i l l  perhaps determine whether t he  heated drum concept o r  the  convec t i ve  IHX 
design i s  chosen f o r  f u r t h e r  development. As can be seen i n  f i g u r e  8, t he  
heated drum r e q u i r e s  a t  l e a s t  one r o t a r y  seal  t o  c o n t a i n  t he  f l u i d  f r om  the  
spacecra f t  thermal loop.  Depending on t h e  p r e c i s e  heated drum des ign,  t he  
f l u i d  t o  be con ta ined  may be e i t h e r  a l i q u i d  o r  a  vapor.  Boeing has r e c e n t l y  
eva luated t h e  r o t a r y  sea l  requ i rements  ( r e f .  14) f o r  a  heated drum designed 
f o r  a  10-yr l i f e .  A t  45 rpm, t h e  drum would undergo 240 m i l l i o n  r e v o l u t i o n s .  
Under a  Boeing IR&D program, a  f e r r o f l u i d i c  r o t a r y  sea l  was s u c c e s s f u l l y  oper-  
a ted  f o r  3  m i l l i o n  r e v o l u t i o n s  (6000 h r  o f  t e s t i n g ) .  I n  ac tua l  p r a c t i c e ,  
mechanical sea ls  o r  a  combinat ion o f  mechanical  and f e r r o f l u i d i c  sea ls  m igh t  be 
requ i r ed .  Seals made o f  low wear r e s i s t a n c e  m a t e r i a l s  (such as R i t o n  f o r  t h e  
300 t o  400 K range) must be demonstrated f o r  a t  l e a s t  10 m i l l i o n  r e v o l u t i o n s .  
L i f e t i m e  cons ide ra t i ons  a l s o  i n d i c a t e  t h a t  r o t a r y  sea ls  must have low 
leakage r a t e s  t o  min imize b o t h  spacec ra f t  con tamina t ion  and makeup f l u i d  mass. 
Leakage r a t e s  f o r  an MBR r e j e c t i n g  20 kW were es t imated  f o r  t he  r o t a r y  sea l  o f  
a  heated drum us ing  ammonia as a  condensing f l u i d  ( r e f .  14 ) .  The es t ima te  was 
based on leakage r a t e s  observed f o r  60 000 t e s t  r e v o l u t i o n s  o f  a  molybdenum 
d i s u l f i d e  r o t a r y  sea l  a t  ambient temperature.  I f  a  seal  employing low-wear 
R i t o n  i ns tead  o f  molybdenum d i s u l f i d e  were used, t o t a l  leakage th rough  t he  seal  
over  10 y r  would be 2.5 kg, o r  =1 pe rcen t  o f  t h e  t o t a l  MBR mass. Boeing con- 
s i de r s  t h i s  t o  be an upper l i m i t  f o r  t he  leakage r a t e .  Based on t h e  60 000 
t e s t  r e v o l u t i o n s ,  seal  d rag  was es t imated  t o  be i n s i g n i f i c a n t ,  a l t hough  t he  
i n f l u e n c e  o f  bea r i ng  f r i c t i o n  on p a r a s i t i c  power may be s i g n i f i c a n t  ( r e f .  14) .  
Acceptable performance o f  l i n e a r  sea ls  f o r  t he  c o n v e c t i v e l y  heated MBR has 
r e c e n t l y  been demonstrated a t  A r t h u r  D. L i t t l e  (D.H. McFadden and W.P. Teagan 
under NASA c o n t r a c t  NAS3-24650, Task 2 ) .  A 125-pm-thick T e f l o n  b e l t  was passed 
through a  Ga I H X ,  as shown i n  f i g u r e  10. The Ga IHX r e q u i r e s  end sea l s  a t  t he  
ent rance and e x i t  o f  t he  Ga ba th .  A l though  T e f l o n  scraper  and c learance  sea ls  
appeared t o  be unacceptable,  success fu l  sea l  i ng was demonstrated w i  t h  c losed-  
c e l l  foam s t r i p s  ("squeegee" sea l s ) .  B e l t  v e l o c i t y  was v a r i e d  up t o  0.6 m/s 
w i t h  the  b e l t  always i n  c o n t a c t  w i t h  t h e  foam s t r i p s .  No l i q u i d  Ga was 
observed on t h e  moving b e l t  f o r  t he  v e l o c i t y  range t e s t e d .  However, f u r t h e r  
research a t  v e l o c i t i e s  o f  5  m/s o r  more i s  r e q u i r e d ,  s i nce  an op t im i zed  MBR 
system w i l l  l i k e l y  opera te  above 0.6 mls .  
I n  o r d e r  t o  determine seal  drag,  t he  e n t i r e  Ga ba th  and hea t  exchanger was 
mounted on t he  l o w - f r i c t i o n  l i n e a r  b e a r i n g  subassembly shown i n  f i g u r e  10. 
A f t e r  accoun t ing  f o r  t he  f r i c t i o n  i n h e r e n t  i n  the  l i n e a r  bear ing ,  a  l oad  c e l l  
was used t o  determine t he  t o t a l  d rag  f o r c e  which i nc l udes  drag between t h e  seal  
and b e l t ,  and between t he  b e l t  and l i q u i d  Ga. The measured d rag  was 1  t o  3  l b .  
Th is  i s  an i n s i g n i f i c a n t  f r a c t i o n  o f  t he  r a d i a t e d  thermal  energy,  be ing  l e s s  
than 1 pe r cen t  f o r  a  scaled-up system. 
These p r e l i m i n a r y  t e s t s  mere ly  i n d i c a t e  t he  f e a s i b i l i t y  o f  r e l y i n g  on l i n -  
ear  sea ls .  A comprehensive t e s t i n g  program must be under taken t o  demonstrate 
l o n g - l i f e  performance o f  space -qua l i f i ed  sea ls  a t  temperatures up t o  1000 K. 
Because o f  program c o n s t r a i n t s ,  l a b y r i n t h  sea ls  o r  o t h e r  more advanced des igns 
cou ld  n o t  be t es ted .  However, t h e  use o f  Ga i s  expected t o  a i d  i n  a c h i e v i n g  
l ong  seal l i f e .  Because o f  i t s  h i g h  su r f ace  t ens ion ,  t h e  Ga w i l l  t end  t o  
remain agglomerated i n  t h e  bath.  The f a c t  t h a t  Ga does n o t  wet any cand ida te  
b e l t  m a t e r i a l s  w i l l  e l i m i n a t e  concern about en t ra inment  o f  Ga on t h e  moving 
b e l t .  I n  a d d i t i o n ,  t h e  low v i s c o s i t y  o f  Ga w i l l  m in im ize  t o t a l  d rag  and proba- 
b l y  inc rease  seal  l i f e .  
Deployment and Stowage 
Mechanisms by which a  be1 t would be deployed, r e t r a c t e d ,  and stowed i n  
m i c rog rav i  t y  have r e c e i v e d  compara t i ve ly  1 i ttl e  a t t e n t i o n .  A1 though severa l  
techniques f o r  dep loy i ng  a  r o t a t i n g  b e l t  i n  m i c r o g r a v i t y  have been proposed 
( r e f s .  11, 14, and 15), none of these concepts have been i n v e s t i g a t e d .  I d e a l l y ,  
the  b e l t  w i  11 assume i t s  c y l i n d r i c a l  shape w i t h o u t  t he  a i d  o f  e x t r a v e h i c u l a r  
a c t i v i t y ,  an e x i s t i n g  man ipu la to r  arm, o r  a  ded ica ted  mechanical deployment 
system. Such au tomat i c  sel f -deployment would e l i m i n a t e  a  s u b s t a n t i a l  f r a c t i o n  
o f  t he  nonbe l t  mass o f  an MBR system. Exper iments t o  demonstrate b e l t  deploy- 
ment i n  a  KC-135 a i r c r a f t  a re  c u r r e n t l y  underway. A number o f  deployment 
o p t i o n s  (which have n o t  y e t  been i d e n t i f i e d )  w i  11 be i n v e s t i g a t e d  experimen- 
t a l l y  i n  a  m i c r o g r a v i t y  environment.  Resu l t s  f r o m  t h e  KC-135 t e s t i n g  w i  11 be . 
used t o  h e l p  d e f i n e  a  S h u t t l e  exper iment .  Th i s  In-Space Exper iment i s  in tended  
t o  demonstrate deployment o f  a  moving b e l t  i n  m i c r o g r a v i t y .  
I f  planned KC-135 t e s t i n g  indicates t h a t  n e i t h e r  au tomat i c  se l f -dep loyment  
nor  any o t h e r  mechanical deployment concepts a r e  f eas ib l e ,  ano ther  a l t e r n a t i v e  
would be a  t e l e s c o p i n g  boom. As shown i n  f i g u r e  11, t h e  boom would extend away 
f r om the  spacecra f t .  R o l l e r s  on t h e  end o f  t h e  boom would s t a b i l i z e  t he  b e l t  
a t  two p o s i t i o n s .  Wi th  such a system, deployment i s  s t r a i g h t f o r w a r d  even i n  
t h e  case o f  a  sudden, unexpected spacec ra f t  a c c e l e r a t i o n  d u r i n g  deployment. A  
t e l escop ing  boom would f i x  t he  c i r c u l a r  b e l t  a t  two p o i n t s  180" a p a r t  and 
inc rease  t he  dynamic s t a b i l i t y  o f  t h e  b e l t .  However, t h e r e  may be a  s i g n i f i -  
can t  mass p e n a l t y  a t t e n d a n t  w i t h  a  t e l e s c o p i n g  deployment concept.  A p r e l i m i -  
na r y  es t imate  ( r e f .  11) f o r  a  300 K  LBR des ign  i n d i c a t e s  t h a t  t he  a d d i t i o n a l  
s t r u c t u r a l  mass would be between 0.5 and 10 t imes  t h e  mass o f  t h e  b e l t  a lone. 
Est imates o f  the  t o t a l  MBR system mass f u r t h e r  i n d i c a t e  t h a t  s t r u c t u r a l  mass 
must be comparable t o  b e l t  mass i n  o r d e r  t o  m a i n t a i n  t h e  mass advantages o f  t h e  
MBR. Therefore,  concu r ren t  w i t h  t h e  development o f  a  t e l e s c o p i n g  boom, e s t i -  
mates o f  MBR system mass would need t o  be made t o  ensure t h a t  t he  mass advan- 
tages o f  t he  MBR are  mainta ined.  
Hyb r i d  B e l t  F a b r i c a t i o n  
The HBR concept i nco rpo ra tes  t h e  b e s t  f e a t u r e s  o f  SBR and LBR systems. 
The f i r s t  p r i o r i t y  i n  HBR development i s  t o  i d e n t i f y  how a  h y b r i d  b e l t  would be 
f a b r i c a t e d .  Three methods f o r  encapsu la t i ng  a  phase-change m a t e r i a l  a re  shown 
i n  f i g u r e  12. The s i m p l e s t  o p t i o n ,  shown i n  f i g u r e  12(a),  i s  t o  i n j e c t  t he  
mol ten phase-change m a t e r i a l  i n t o  every  compartment o f  a  s o l i d  b e l t  s t r u c t u r e .  
Th i s  technique w i l l  be d iscussed below. A second o p t i o n  (shown i n  f i g .  12(b) )  
i s  a  s o l i d  b e l t  c o n t a i n i n g  randomly d i s t r i b u t e d  microspheres which encapsula te  
t he  heat  o f  f u s i o n  m a t e r i a l .  F a b r i c a t i o n  o f  b o t h  h o l l o w  and l i q u i d - f i l l e d  mi- 
crospheres i s  a  w e l l  e s t a b l i s h e d  technology f o r  l a s e r  f u s i o n  research .  
Lawrence Livermore Na t i ona l  Labo ra to r i es  and KMS Fusion, f o r  example, r o u t i n e l y  
encapsulate l i q u i d  deu te r ium i n  g l ass  spheres sma l l e r  than  25 pm i n  d iameter .  
A t h i r d  o p t i o n ,  shown i n  f i g u r e  12(c) ,  i s  t o  employ a  m a t e r i a l  which undergoes 
a  t r a n s i t i o n  f r o m  a  s o l i d  phase (e .g . ,  a-phase) t o  a  second (P) s o l i d  phase a t  
t h e  d e s i r e d  HBR o p e r a t i n g  temperature .  The h e a t  c a p a c i t y  o f  t h e  h y b r i d  b e l t  
would be g r e a t l y  enhanced by  t h e  phase-change e n t h a l  py. 
The h y b r i d  b e l t  concept  o f  f i g u r e  12(a)  appears t o  be much more s t r a i g h t -  
f o r w a r d  t o  deve lop and demonst ra te  than  those o f  f i g u r e  12(b)  and ( c ) .  There- 
f o r e ,  e f f o r t s  t o  d a t e  have focused  on t h e  concept  o f  f i g u r e  12(a) .  The 
phase-change m a t e r i a l  o f  t h i s  b e l t  must be c o n t a i n e d  - i n  separa te  compartments 
f o r  two reasons.  F i r s t ,  t h e  b e l t  must remain  u n i f o r m  i n  t h i c k n e s s  around i t s  
c i r cumfe rence  t o  ensure p r o p e r  o p e r a t i o n  o f  t h e  h e a t  exchanger sea ls  and t h e  
d e s i r e d  r a d i a t i v e  t r a n s f e r .  Second, o n l y  t h e  m a t e r i a l  i n  a  g i v e n  compartment 
c o u l d  be l o s t  i f  t h a t  b e l t  segment were p e n e t r a t e d  by a  m ic rometeoro id .  How- 
e v e r ,  i f  t h e  phase-change m a t e r i a l  f r o m  a  r u p t u r e d  compartment were l o s t ,  t h e  
b e l t  t h i c k n e s s  a t  t h a t  p o i n t  c o u l d  change. I t  i s  necessary  t o  de te rm ine  what 
e f f e c t ,  i f  any, a  r u p t u r e d  compartment would have on s e a l i n g  o f  t h e  IHX. 
A t e s t  segment o f  a  h y b r i d  b e l t  has r e c e n t l y  been f a b r i c a t e d  a t  A r t h u r  D. 
L i t t l e  (W.P. Teagan under NASA c o n t r a c t  NAS3-24650, Task 6 ) .  The two o u t e r  
l a y e r s  o f  t h e  t e s t  segment were 125-pm-thick T e f l o n  b e l t s .  A f t e r  i n j e c t i n g  
l i q u e f i e d  p a r a f f i n  i n t o  each o f  t h e  f i v e  compartments shown i n  f i g u r e  13 and 
e l i m i n a t i n g  a i r  bubb les ,  t h e  compartments were sea led  w i t h  adhes ive p l u g s .  The 
assembled t e s t  segment was 15 cm by 28 cm ( 6  i n .  by  11 i n . ) ,  and c o n s i s t e d  o f  
t h e  f i v e  p a r a f f i n - f i l l e d  segments. The i n t e g r i t y  o f  t h e  assembled t e s t  segment 
was demonstrated by expos ing  t h e  s t a t i o n a r y  segment t o  a  250-W h e a t  source.  
The be1 t tempera tu re  remained n e a r l y  c o n s t a n t  whi l e  t h e  p a r a f f i n  was me1 t i n g .  
F u r t h e r  r e s e a r c h  i s  needed t o  demonstrate t h e  p o t e n t i a l  o f  h y b r i d  b e l t s .  
Bending and s t i f f n e s s  p r o p e r t i e s  o f  h y b r i d  b e l t s  w i t h  b o t h  m o l t e n  and s o l i d i -  
f i e d  i n n e r  cores w i l l  need t o  be measured. The e f f e c t s  o f  thermal  c o n t r a c t i o n  
o r  expans ion f o r  a  phase-change m a t e r i a l  must be cons ide red .  The encapsu la ted  
m a t e r i a l  o f  t h e  h y b r i d  b e l t  i n  f i g u r e  13 must have s u f f i c i e n t  mechanical  
s t r e n g t h .  The v o i d s  c r e a t e d  by  volume changes may a f f e c t  h e a t  t r a n s f e r  w i t h i n  
t h e  be1 t. L i f e  t e s t i n g  o f  h y b r i d  be1 t s  w i  11 be r e q u i r e d  i n  o r d e r  t o  ensure 
t h a t  t h e  b e l t  w i l l  r ema in  w i t h i n  t h e  r e q u i r e d  t h i c k n e s s  range.  L i f e  t e s t i n g  i s  
a l s o  r e q u i r e d  t o  de te rm ine  i f  o v e r a l l  h e a t  t r a n s f e r  i s  a f f e c t e d  by  r e p e a t e d  
mechanical  s t r e s s i n g  o f  t h e  b e l t .  I t  i s  a n t i c i p a t e d  t h a t  j o i n i n g  two ends o f  a  
h y b r i d  b e l t  t o  f o r m  a  con t inuous  l o o p  may be e a s i e r  t h a n  f o r  a  s o l i d  b e l t .  The 
j u n c t i o n  must be u n i f o r m  i n  t h i c k n e s s ,  and t h e  t r a n s i t i o n  between t h e  b e l t  con- 
t i nuum and t h e  j u n c t i o n  must be smooth. O the rw ise ,  t h e r e  w i l l  be a  sma l l  
i n c r e a s e  i n  d r a g  as t h e  b e l t  j u n c t i o n  passes t h r o u g h  t h e  IHX s e a l s ,  wh ich may 
i n c r e a s e  t h e  r a t e  a t  wh ich t h e  sea ls  wear. Such an i n c r e a s e  i n  d r a g  was 
observed d u r i n g  t e s t i n g  o f  a  s o l  i d  T e f l o n  b e l t  (W.P: Teagan under  NASA con- 
t r a c t  NAS3-24650, Task 6 ) .  
P r o t e c t i o n  From Mic rometeoro ids  
Moving B e l t  R a d i a t o r  systems a r e  much l e s s  s u s c e p t i b l e  t o  m ic rometeoro ids  
than  HPR systems. O n l y  t h e  h e a t  exchanger ( e i t h e r  heated drum o r  c o n v e c t i v e  
IHX) must be armored, and t h e  compactness o f  t h i s  component w i l l  keep armor 
mass t o  a  minimum. 
The r o t a t i n g  b e l t  cannot  e f f e c t i v e l y  be bumpered a g a i n s t  m ic rometeoro id  
impacts .  However, no s i g n i f i c a n t  r e d u c t i o n  i n  a c t i v e  r a d i a t o r  a r e a  would 
r e s u l t  f r om  mic rometeoro id  p e n e t r a t i o n s  ( r e f .  14).  Puncture o f  t h e  o u t e r  l a y e r  
o f  a  h y b r i d  b e l t  may r e s u l t  i n  l o s s  o f  the  phase-change m a t e r i a l ,  depending on 
t he  ho le  s i z e ;  however i t  cou ld  be l o s t  o n l y  f r om  t h e  damaged b e l t  compartment. 
A l though t he  p o t e n t i a l  f o r  spacec ra f t  con tamina t ion  by t h e  phase-change mate- 
r i a l  e x i s t s ,  t he  scena r i o  i s  s i m i l a r  t o  t he  punc tu re  o f  an i n d i v i d u a l  hea t  p i p e  
o f  a  HPR system. 
A punctured b e l t  may a f f e c t  t h e  d e s i r e d  o p e r a t i o n  o f  t he  heat  exchangers, 
p a r t i c u l a r l y  f o r  a  G a - f i l l e d  convec t i ve  IHX. I f  p e n e t r a t i o n  roughens t he  sur-  
f ace  o f  t h e  be1 t, t h e  p o t e n t i a l  e x i s t s  f o r  t h e  be1 t o r  IHX sea ls  t o  become dam- 
aged as t h e  b e l t  e n t e r s  o r  leaves t he  Ga ba th .  A smal l  h o l e  i n  t he  b e l t  may 
e n t r a i n  Ga i n  t he  b e l t  by c a p i l l a r y  f o r c e  as t h e  b e l t  e x i t s  t he  ba th .  For t h i s  
reason, i t  may be necessary t o  p o s i t i o n  smal l  r o l l e r s  a t  t h e  ent rance t o  the  
ba th  o r  heated drum t o  smooth o u t  t h e  b e l t .  (See f i g .  9.) F u r t h e r  examinat ion 
o f  these i ssues  must be under taken c o n c u r r e n t l y  w i t h  l i f e  t e s t i n g  o f  t he  heat  
exchanger. 
ANALYSIS OF THE MOVING BELT RADIATOR SYSTEM 
A number o f  pa rame t r i c  s t u d i e s  o f  MBR systems have been conducted f o r  var -  
i ous  power l e v e l s  ( r e f s .  10, 12, 14, 15, and W.P. Teagan, K.F. F i t z g e r a l d ,  and 
K.B. Goodal l  under NASA c o n t r a c t  NAS3-24650, Task 3) .  A  d e t a i l e d ,  comprehen- 
s i v e  r ev i ew  o f  t he  f i n d i n g s  o f  these s t u d i e s  i s  o u t s i d e  t he  scope o f  t h i s  
paper.  However, t o  a i d  i n  comprehending t he  s i z e  o f  va r i ous  MBR systems, t h e  
r e s u l t s  f r om  s i x  p o i n t  des ign  s t u d i e s  a re  p resen ted  i n  t a b l e  I .  For compara- 
t i v e  purposes, s p e c i f i c  masses f o r  advanced hea t  p i p e  techno logy  a re  assumed. 
A t  300 K, heat  p i p e  r a d i a t o r  mass i s  7.3 kg/kW f o r  5  kg/m2 technology,  and a t  
1000 K, about 0.09 kg/kW f o r  t he  8  kg/m2 techno logy  assumed. These HPR spe- 
c i f i c  masses a re  based on a  NASA Lewis e v a l u a t i o n  (unpub l i shed)  o f  e x i s t i n g  
hea t  p i p e  r a d i a t o r  des igns f o r  temperatures between 370 and 1000 K. 
Table I shows t h a t  t h e  MBR systems g e n e r a l l y  compare q u i t e  f a v o r a b l y  t o  
HPR systems. Note t h a t  t h e  r e s u l t s  o f  t a b l e  I are  based on p r e l i m i n a r y  
des igns , whereas s ta te -o f - t he -a r t  (5 kg/m2) hea t  p i p e  techno logy  has been deve- 
loped  ove r  a  25-yr p e r i o d .  I t  i s  p o s s i b l e  t h a t  MBR mass w i l l  decrease as HPR 
mass has, as system des ign  i s  improved. For t he  low-temperature MBR systems 
o f  t a b l e  I, the  4.4-kg/kW f i g u r e  i s  cons idered most accura te ,  s ince  t he  75-kW 
system des ign  i s  more d e t a i l e d  than those o f  t he  12.5-kW o r  20-kW systems. 
The 4.4-kg/kW r e s u l t  was a r r i v e d  a t  a f t e r  des ign ing  every  component o f  an LBR 
system. A s i g n i f i c a n t  p o r t i o n  o f  t he  LBR mass f o r  t h e  75-kW des ign i s  f o r  ad- 
d i t i o n a l  o i l  t o  r e p l a c e  t h e  Santovac-6 which would evaporate over  a  5-yr mis- 
s i o n  l i f e .  I n  t h i s  LBR system, t h e  Santovac-6 remains i n  t he  l i q u i d  s t a t e ,  
and the  l a t e n t  hea t  o f  f u s i o n  cannot be e x p l o i t e d .  For an HBR system opera t -  
i n g  a t  t he  same temperature,  a  s p e c i f i c  mass es t ima te  o f  2  t o  3 kg/kW seems 
reasonable ,  s ince  a  h y b r i d  b e l t  has been es t imated  t o  be 10 t o  30 pe rcen t  as 
massive as t he  Santovac b e l t .  
The h igh- temperature p o i n t  des ign  s t u d i e s  a re  i n c o n c l u s i v e  on severa l  
i ssues .  As d iscussed e a r l i e r ,  c o n t a c t  conductances a t  1000 K  must be a t  l e a s t  
3000 ~ / m 2  K  t o  remain c o m p e t i t i v e  w i t h  t he  HPR. A1 though t he  30-MW des ign  
assumes a  con tac t  conductance o f  8000 w/m2 K, t he  Be be1 t system i s n o t  compet- 
i t i v e  because s t r u c t u r a l  mass predominates and t h e  s p e c i f i c  hea t  o f  Be i s  n o t  
l a r g e  enough. When a  composi te b e l t  o f  h i ghe r  hea t  c a p a c i t y  i s  assumed, as i n  
t h e  68-MW d e s i g n ,  t h e  s p e c i f i c  mass o f  t h e  SBR sys tem i s  seen t o  be l e s s  t h a n  
t h a t  o f  t h e  8-kg/m2 HPR t e c h n o l o g y .  When t h e  hea ted  drum o f  t h e  68-MW d e s i g n  
i s  r e p l a c e d  b y  a  c o n v e c t i v e  h e a t  exchanger ( I - M W  d e s i g n ) ,  t h e  MBR s p e c i f i c  mass 
i s  reduced even more, from 0.057 t o  0.017 kg/kW. T h i s  r e d u c t i o n  o c c u r s  d e s p i t e  
t h e  f a c t  t h a t  t h e  Be b e l t  o f  t h e  1-MW system i s  more mass ive  t h a n  a  comparable 
g r a p h i t e - s t e e l  compos i te  b e l t .  However, t h e  0.017-kgIkW s p e c i f i c  mass e s t i m a t e  
f o r  t h e  1-MW system must  be p u t  i n t o  p e r s p e c t i v e .  The o p i n i o n  o f  t h i s  a u t h o r  
i s  t h a t  t h e  A s t r o  Research p o i n t  d e s i g n s  (12.5-kW and 1-MW systems) may under-  
e s t i m a t e  MBR mass, and t h a t  s p e c i f i c  mass e s t i m a t e s  o f  4 .1  kg/kW and 
0.034 kg/kW ( r e s p e c t i v e l y )  a r e  more reasonab le .  N e v e r t h e l e s s ,  t a b l e  I i n d i -  
c a t e s  t h a t  SBR system mass i s  s t i l l  s u b s t a n t i a l l y  l e s s  t h a n  HPR mass, and t h a t  
HBR mass w i l l  be even l o w e r .  
Because t h e  H y b r i d  B e l t  concep t  has o n l y  r e c e n t l y  been i d e n t i f i e d ,  
d e t a i l e d  p o i n t  d e s i g n s  have n o t  y e t  been conducted.  However, p r e l i m i n a r y  i n d i -  
c a t i o n s  a r e  t h a t  HBR systems w i l l  be s i g n i f i c a n t l y  l o w e r  i n  s p e c i f i c  mass t h a n  
t h e  one LBR and f i v e  SBR des igns  o f  t a b l e  I .  T h i s  i s  p r i n c i p a l l y  due t o  t h e  
h i g h  h e a t  c a p a c i t y  o f  h y b r i d  b e l t s ,  as w e l l  as because o f  t h e  h i g h  s u r f a c e  
e m i s s i v i t y  p o s s i b l e  w i t h  a  s o l i d  b e l t .  The p o i n t  d e s i g n  s t u d i e s  t o  d a t e  have 
i n d i c a t e d  t h a t  b e l t  mass f o r  a  we l l - des igned  sys tem i s  30  t o  50  p e r c e n t  o f  
t o t a l  r a d i a t o r  mass. H y b r i d  b e l t s  show p romise  of b e i n g  10  to  20  p e r c e n t  as 
mass ive  as comparable s o l i d  b e l t s  (W.P. Teagan under  NASA c o n t r a c t  NAS3-24650, 
Task 6). T h e r e f o r e ,  p r e l i m i n a r y  i n d i c a t i o n s  (W.P. Teagan and W.P. Teagan, 
K.F. F i t z g e r a l d ,  and K.B. Gooda l l  under  NASA c o n t r a c t  NAS3-24650, Tasks 6  
and 3, r e s p e c t i v e l y )  a r e  t h a t  l ow- tempera tu re  HBR systems w i l l  be 30  t o  50 pe r -  
c e n t  o f  t h e  mass o f  h e a t  p i p e  r a d i a t o r s .  Des ign  o f ,  and t h e r e f o r e  system mass 
e s t i m a t e s  f o r ,  h i g h - t e m p e r a t u r e  b e l t  and h e a t  p i p e  r a d i a t o r s  a r e  more p r e l i m i -  
n a r y .  However, c a l c u l a t i o n s  i n d i c a t e  t h a t  MBR systems d e s i  ned f o r  1000 K 9 o p e r a t i o n  may be o n l y  20  t o  30  p e r c e n t  as mass ive  as 8-kglm HPR's. 
S t u d i e s  o f  v a r i o u s  MBR systems have a l s o  examined t h e  m e r i t s  o f  hea ted  
drum and c o n v e c t i v e  h e a t  exchangers .  A l t h o u g h  p a r a m e t r i c  s t u d i e s  f o r  b o t h  
o p t i o n s  were c a r r i e d  o u t  a t  A s t r o  Research ( r e f .  151, t h e  h e a t e d  drum s t u d i e s  
were a t  300 K, whereas t h e  c o n v e c t i v e l y  hea ted  b e l t  s t u d i e s  were f o r  800 t o  
1200 K  r e j e c t i o n  tempera tu res .  The o n l y  d i r e c t  compar ison o f  b o t h  h e a t  
exchanger o p t i o n s  i s  a  r e c e n t  Boe ing  s t u d y  ( r e f .  14 ) .  The MBR systems were 
each des igned  t o  r e j e c t  20 kW a t  305 K. Fo r  t h e  h e a t e d  drum concep t ,  t h e  mass 
was 5.85 kg/kW, assuming a  r e a s o n a b l e  v a l u e  o f  1135 w/m2 K f o r  h e a t  t r a n s f e r  
f r o m  drum t o  b e l t .  The s p e c i f i c  mass o f  t h e  c o n v e c t i v e  IHX d e s i g n  was a l m o s t  
i d e n t i c a l ,  abou t  5.4 kg/kW. However, t hese  two e s t i m a t e s  were based o n l y  o n  
t h e  masses o f  t h e  b e l t s  and h e a t  exchangers.  
A more r e a l i s t i c  e v a l u a t i o n  o f  t h e  two h e a t  exchanger  concep ts  wou ld  con- 
s i d e r  b o t h  p a r a s i t i c  power r e q u i r e m e n t s  and s t r u c t u r a l  mass. U n f o r t u n a t e l y ,  
t h e s e  were n o t  p r o p e r l y  accounted f o r  i n  t h e  Boe ing  s t u d y .  I n  e v a l u a t i n g  t h e  
IHX d e s i g n ,  v i s c o u s  DC-705 was s e l e c t e d  as t h e  h e a t  exchanger f l u i d  i n s t e a d  o f  
Ga. (The v i s c o s i t y  o f  DC-705 i s  170 cP a t  305 K, b u t  o n l y  1.8 cP f o r  Ga.) 
S i m i l a r l y ,  t h e  vapor  p r e s s u r e  o f  Ga a t  305 K  i s  a t  l e a s t  t h r e e  o r d e r s  o f  magni- 
t ude  be low t h a t  o f  DC-705; a t  t h e  m e l t i n g  p o i n t ,  t h e  vapo r  p r e s s u r e  o f  Ga can- 
n o t  be measured. I f  s t r u c t u r a l  mass, v i s c o u s  d rag ,  sea l  d r a g ,  s e a l  l eakage ,  
and e v a p o r a t i v e  mass l o s s e s  were p r o p e r l y  accounted f o r  by u s i n g  Ga i n s t e a d  o f  
DC-705 i n  t h e  f l u i d  b a t h ,  t h e  c o n v e c t i v e  h e a t  exchanger wou ld  be s l i g h t l y  more 
a t t r a c t i v e  t h a n  t h e  h e a t e d  drum a t  305 K; however, e x a c t  f i g u r e s  have n o t  been 
c a i c u l a t e d .  A t  800 t o  1000 K  r e j e c t i o n  tempera tu res ,  t h e  c o n v e c t i v e  h e a t  
exchanger i s  even more a t t r a c t i v e  because t he  r e q u i r e d  c o n t a c t  conductance f o r  
a heated drum i s  13 t o  15 t imes  t h e  conductance r e q u i r e d  a t  300 K. Such va lues 
a re  d i f f i c u l t  t o  ach ieve  and may be p o s s i b l e  o n l y  by u s i n g  a t h i n  l a y e r  o f  mol- 
t en  Sn between b e l t  and drum ( r e f .  10). 
When t he  mod i f ied  f i n d i n g s  o f  the  Boeing s tudy ( r e f .  14) a re  cons idered i n  
con junc t i on  w i t h  t he  pa rame t r i c  s t ud ies  performed by A s t r o  Research ( r e f .  151, 
t he  advantages of a convec t i ve  hea t  exchanger a re  apparent .  The convec t i ve  
concept i s  a t  l e a s t  m a r g i n a l l y  b e t t e r  than t h e  heated drum a t  any temperature 
and may o f f e r  s u b s t a n t i a l  advantages near 1000 K. I n  a d d i t i o n ,  the  f l u i d  con- 
t a i ned  i n  t he  IHX may p o s s i b l y  h e l p  t o  dampen v i b r a t i o n s  i n  t he  r o t a t i n g  b e l t  
b e t t e r  than a heated drum would. Therefore,  NASA Lewis i s  c o n t i n u i n g  develop- 
ment o f  t he  convec t i ve  hea t  exchanger f i r s t  proposed by A s t r o  Research 
( r e f .  15 ) .  The ongoing i n v e s t i g a t i o n  w i l l  i n i t i a l l y  cons ider  b e l t  dynamics 
and l o n g - l i f e  seal  performance f o r  an MBR system u t i l i z i n g  a convec t i ve  hea t  
exchanger. 
Mass models o f  MBR systems have a l s o  been u t i l i z e d  t o  p r e d i c t  t he  maximum 
power l e v e l s  t h a t  a s i n g l e  MBR system employing two b e l t s  cou ld  accommodate 
( r e f .  13 and W.P. Teagan, K.F. F i t z g e r a l d ,  and K.B. Goodal l  under NASA c o n t r a c t  
NAS3-24650, Task 3 ) .  Fac to rs  cons idered i n c l u d e d  S h u t t l e  bay dimensions, l i m i -  
t a t i o n s  o f  seal  technology,  and t h e  p a r a s i t i c  power r e q u i r e d  by a s p e c i f i c  
des ign.  A l though h i g h e r  b e l t  v e l o c i t i e s  can decrease r a d i a t o r  s p e c i f i c  mass, 
t he  be1 t v e l o c i t y  was cons t ra i ned  t o  5 m / s  t o  keep es t imated  seal  wear a t  a 
reasonable  l e v e l .  The 5-mls c o n s t r a i n t  i s  based on exper ience i n  bo th  aero- 
space and o t h e r  i n d u s t r i e s .  Viscous drag, sea l  drag, and pump power were eva l -  
uated t o  assure t h a t  t o t a l  p a r a s i t i c  power was l e s s  than  1.5 pe rcen t  o f  t h e  
hea t  r e j e c t i o n  load .  On t he  bas i s  o f  these c r i t e r i a ,  A r t h u r  D. L i t t l e  e s t i -  
mated t h a t  a s i n g l e  200-MW HBR system cou ld  f i t  i n  t h e  S h u t t l e  bay. Th is  
200-MW system employs two b e l t s  r e j e c t i n g  hea t  a t  750 K. However, no o t h e r  
des ign d e t a i l s  (mass, stowage volume, o r  dimensions) were g iven .  By c o n t r a s t ,  
SBR and LBR systems were l i m i t e d  t o  thermal loads below 20 MW ( r e f .  13).  These 
f i n d i n g s  c l e a r l y  suggest t h e  g r e a t  promise o f  t h e  HBR concept,  as compared w i t h  
SBR and LBR systems. 
CONCLUSIONS AND RECOMMENDATIONS 
Development e f f o r t s  t o  da te  a l l  i n d i c a t e  t h a t  t h e  MBR concept i s  f e a s i b l e .  
A l though S o l i d  and L i q u i d  B e l t  systems compare f a v o r a b l y  w i t h  Heat P ipe Radia- 
t o r  s p e c i f i c  masses, t he  b i g g e s t  advantage o f  t h e  MBR concept i s  e v i d e n t  w i t h  
Hyb r i d  B e l t  systems. An HBR e x p l o i t s  t he  phase-change p o t e n t i a l  o f  an LBR, y e t  
can a l s o  o f f e r  h i g h  surface e m i s s i v i t i e s ,  even a t  l i q u i d  meta l  temperatures.  
Hyb r i d  B e l t  systems r e j e c t i n g  200 MW may be compact enough t o  be launched by a 
s i n g l e  S h u t t l e  f l i g h t  and w i l l  n o t  expose a work ing  f l u i d  d i r e c t l y  t o  space. 
Because o f  t he  m e r i t s  o f  HBR systems, t h e i r  development w i l l  con t inue  t o  be 
pursued a t  NASA Lewis.  
A number o f  c r i t i c a l  i ssues  have been p a r t i a l l y  r eso l ved ,  b u t  more e f f o r t  
i s  r e q u i r e d  i n  a lmost  every  technology area. The p r e f e r r e d  hea t  exchanger 
des ign has been i d e n t i f i e d ,  and hea t  t r a n s f e r  t o  a moving b e l t  has been demon- 
s t r a t e d .  Labora to ry  t e s t i n g  o f  t h i s  convec t i ve  hea t  exchanger con f i rmed t h a t  
l i n e a r  sea ls  can c o n t a i n  Ga i n  t h e  f l u i d  ba th .  A l though no Ga was observed on 
t h e  b e l t  o v e r  a s h o r t  t e s t  p e r i o d  (two months o f  i n t e r m i t t e n t  o p e r a t i o n ) ,  l ong -  
l i f e  o p e r a t i o n  o f  l i n e a r  s e a l s  must be demonstrated.  A lumped-parameter com- 
p u t e r  model i n d i c a t e d  t h a t  t h e  b e l t  i s  s t a b l e  f o r  l o w - l e v e l  a c c e l e r a t i o n s  o f  
moderate d u r a t i o n .  However, t h e  model i n d i c a t e s  t h a t  one-g a c c e l e r a t i o n s  can- 
n o t  be t o l e r a t e d  f o r  more t h a n  1 o r  2 s. Exper imenta l  v e r i f i c a t i o n  o f  t h e  com- 
p u t e r  model i n  normal g r a v i t y  was somewhat i n c o n c l u s i v e  and r e v e a l e d  t h a t  
m i c r o g r a v i t y  t e s t i n g  aboard a KC-135 or t h e  S h u t t l e  w i l l  be r e q u i r e d .  P lans 
f o r  t e s t s  aboard b o t h  a r e  underway. Deployment o f  a ' b e l t  system must be demon- 
s t r a t e d  i n  m i c r o g r a v i t y ,  s i n c e  normal g r a v i t y  t e s t i n g  would be i n c o n c l u s i v e .  
Deployment w i l l  a l s o  be demonst ra ted on a KC-135 i n  FY 1989. 
Technology d e m o n s t r a t i o n  exper iments  p lanned by  NASA for  t h e  n e x t  severa l  
a r s  w i l l  y i e l d  much more i n s i g h t  about  t h e  f e a s i b i l i t y  o f  t h e  HBR concept .  
t he  concept  l o o k s  as p r o m i s i n g  a f t e r  these exper imen ts  as i t  does now, t h e  
n e x t  l o g i c a l  s t e p  would be t h e  d e m o n s t r a t i o n  o f  a p r o t o t y p e  HBR system aboard 
t h e  Space S t a t i o n .  F u r t h e r  m i s s i o n  s t u d i e s  and t e c h n o l o g y  development under 
NASA P a t h f i n d e r  programs may i n d i c a t e  t h e  need f o r  d e v e l o p i n g  a HBR system for  
l u n a r  o r  p l a n e t a r y  s u r f a c e  m i s s i o n s .  
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FIGURE 6. - BELT DEPLOYMENT AND STABILITY IN EARTH GRAVITY. 
(RUBBER BELT REVOLVl NG ABOUT GRAVITY VECTOR, FROM W. P .TEAGAN 
UNDER NASA CONTRACT NAS3-24650). 
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Development o f  t h e  Moving B e l t  R a d i a t o r  (MBR) as an advanced space r a d i a t o r  con- 
c e p t  i s  d i scussed .  The r e l a t i v e  m e r i t s  o f  S o l i d  B e l t  (SBR), L i q u i d  B e l t  (LBR), 
and H y b r i d  B e l t  (HBR) R a d i a t o r s  a r e  d e s c r i b e d .  A n a l y t i c a l  and e x p e r i m e n t a l  
e f f o r t s  r e l a t e d  t o  t h e  dynamics o f  a  r o t a t i n g  b e l t  i n  m i c r o g r a v i t y  a r e  rev iewed .  
The development o f  methods f o r  t r a n s f e r r i n g  h e a t  t o  t h e  moving b e l t  i s  d iscussed,  
and t h e  r e s u l t s  from s e v e r a l  exper imen ta l  i n v e s t i g a t i o n s  a r e  summarized. L i m i t e d  
e f f o r t s  r e l a t e d  t o  b e l t  deployment and stowage, and t o  f a b r i c a t i o n  o f  a  h y b r i d  
b e l t ,  a r e  a l s o  d i scussed .  L i f e - l i m i t i n g  f a c t o r s  such as sea l  wear and m ic ro -  
m e t e o r o i d  r e s i s t a n c e  a r e  i d e n t i f i e d .  The r e s u l t s  f r o m  v a r i o u s  MBR p o i n t  d e s i g n  
s t u d i e s  f o r  s e v e r a l  power l e v e l s  a r e  compared w i t h  advanced ( 5  t o  8  kg/m2) Heat 
P ipe  R a d i a t o r  t e c h n o l o g y .  MBR des igns  a r e  shown t o  compare f a v o r a b l y  a t  b o t h  
300 and 1000 K tempera tu re  l e v e l s .  However, a d d i t i o n a l  e f f o r t  w i l l  be r e q u i r e d  
t o  r e s o l v e  c r i t i c a l  t e c h n o l o g y  i s s u e s  and t o  demonst ra te  t h e  advantages o f  MBR 
sys terns. 
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